Introduction
Aspergillus fumigatus is among the most ubiquitous of those fungi able to produce a wide spectrum of diseases in humans and animals, ranging from acute self-limiting pulmonary manifestations in immunocompetent individuals to infl ammatory diseases and severe life-threatening protein (reviewed in [13 -16] ). It is secreted by activated T cells, macrophages and a variety of non-immune cells from preformed intracellular pools, and its expression is further induced by various stimuli, including cytokines, oxidative stress and infection [17] . One of the main activities of MIF is its ability to recruit cells of both innate and acquired immunity and to amplify the production of various pro-infl ammatory mediators, including TNF-α , IL-1 , 18, 19] . Depending on cellular context and stimulus status, MIF can bind to different receptor proteins and trigger several signaling tracks. The main MIF signal transduction is initiated by high-affi nity binding to CD74 (the MHC class II-associated invariant chain, Ii) leading to the activation of ERK1/2 MAPK and to PI3K/AKT signaling [20] . To regulate leukocyte traffi cking as well as T cell activation, MIF may also engage chemokines receptors CXCR2, CXCR7 or CXCR4 which form complexes with CD74 [21 -24] . The involved signaling pathways have largely remained unknown, but recent studies implicate the AKT pathway, as well as the entire canonical JNK/c-Jun/AP-1 pathway [25] . Studies in both humans and animals have documented the favorable effect of MIF on the immune responses to a numerous infectious agents, including bacterial, parasitic and viral pathogens [26 -33] . Furthermore, MIF has been shown to play a role during infections with fungal pathogens such as Paracoccidioides brasiliensis [34] , Histoplasma capsulatum [35] , Sporothrix schenckii [36] , Cryptococcus neoformans [37] , Candida albicans [38, 39] , and Aspergillus candidus [40] .
We have recently shown that MIF also plays an important role in protective immunity against A. fumigatus [41] . Increased susceptibility to A. fumigatus infection in MIFdefi cient mice was associated with an enhanced mortality rate in those inoculated with lethal infections and altered innate and acquired antifungal responses in the spleen in those with sublethal infections [41] . However, there are no data concerning the response of non-lymphoid peripheral tissues to pathogen in MIF defi cient hosts. As MIF is expressed in a wide variety of non-immune tissues (reviewed in [14, 16] ), we studied the effects of MIF deletion on the immune response to sublethal A. fumigatus infections in non-lymphoid compartments -lungs, liver, kidneys and brain. The murine model of systemic infection was employed as particularly suitable for studying immune responses not only in lymphoid, but also in nonlymphoid organs [4, 42, 43] . Although humans do not normally encounter A. fumigatus via the intravenous route, the pathogen can disseminate into the bloodstream and infect multiple organs when the immune system lacks specifi c control mechanisms, as in patients with severe and complex defects in immune responses [44] . In addition, infection can be established by the intravenous route in normal immunocompetent animals without immunosuppressive treatment, which might exaggerate the role of MIF, as shown for other proinfl ammatory cytokines [45] . The relevance of MIF in the tissue response in systemic aspergillosis was evaluated in liver, kidneys, brain and lungs through analysis of histopathological changes, with more detailed analyses of responses in the lung, based on the fact that we have already shown that innate and adaptive immune responses could be mounted in this tissue in systemic aspergillosis [4] . The presented results for the fi rst time indicate that MIF plays an important role in non-lymphoid compartments and thereby contributes to the outcome of systemic infection with this fungal pathogen.
Materials and methods

Animals
The homozygous mif gene defi cient (MIF Ϫ / Ϫ ) mice (background: C57BL/6) used in these studies have been described elsewhere [46] . Briefl y, the animals were backcrossed eight generations onto a C57BL/6 background and the genotype of the MIF locus of the progeny was determined by genomic PCR. Breeding stock of MIF Ϫ/ Ϫ mice was kindly provided by Dr Yousef Al-Abed (The Feinstein Institute for Medical Research, North Shore LIJ Health System, New York, USA) and mice were further bred using homozygous MIF Ϫ/ Ϫ animals. MIF Ϫ/ Ϫ mice were housed along with their wild type (WT) C57BL/6 counterparts under standard conditions (non-specifi c pathogen free) at the animal facility of the ' Sinisa Stankovic ' Institute for Biological Research, Belgrade, Serbia. The mice were age-matched females (8 -10 weeks old), of body weight 20 -25 g. All experiments were approved by the Ethics Committee for Animal Experimentation at Belgrade University and conducted in accordance with local and international legislation regarding the wellbeing of laboratory animals.
Reagents
All reagents were from Sigma-Aldrich (St Louis, MO, USA) and all dishes employed in culturing cells were obtained from Sarstedt (Numbrecht, Germany), unless otherwise stated. Culture medium RPMI-1640 (PAA laboratories, Austria) supplemented with 10 mM HEPES, 5 μ M β -mercaptoethanol, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 IU/ml penicillin, 100 μ g/ml streptomycin, 5 μ g/ml voriconazole and 5% (v/v) heat inactivated fetal calf serum (PAA laboratories) was used in cell culture experiments.
hemocytometer and Trypan blue dye. Cell viability was invariably higher than 95%.
Intracellular production of superoxide in lung cells was evaluated by the quantitative cytochemical assay for the respiratory burst, based upon the spontaneous or PMAstimulated capacity of the cells to reduce nitroblue tetrazolium (NBT) [47] . Briefl y, 2 ϫ 10 5 cells/well were incubated in 96-well tissue culture plates with 0.5 mg/ml NBT in the absence (spontaneous NBT reduction) or presence of 100 ng/ml of PMA (stimulated NBT reduction) for 30 min. Formazan produced by the cells was extracted overnight in 10% SDS-0.1 N HCl, and absorbance measured at 540/650 nm in a microplate spectrophotometer (GRD, Rome, Italy).
Lung cell myeloperoxidase (MPO) activity, an indicator of polymorphonuclear leukocyte accumulation, was assessed by determining the oxidation of O-dianisidine dihydrochloride by the cells [48] . Briefl y, aliquots containing 10 6 lung leukocytes were allowed to react with a solution of Odianisidine dihydrochloride (0.167 mg/ml) and 0.0005% H 2 O 2 . The rate of change in absorbance was measured spectrophotometrically at 450 nm. MPO activity was defi ned as the quantity of enzyme degrading 1 μ mol of peroxide/min at 37 ° C and was expressed in MPO units per 10 6 cells.
Leukocyte counts
For differential leukocyte analysis, air-dried whole blood smears and cytospin preparations of lung cells were prepared and stained according to the May-Grunwald Giemsa protocol. Differential cell counts were determined independently by two observers in a blinded manner, with at least 300 cells counted on each slide.
Histopathologic specimen examination
The lungs, liver, kidneys and brain obtained from different groups of mice were fi xed in 4% buffered formalin (pH 6.9) and processed routinely for paraffi n embedding and sectioning. Five-micrometer sections were stained with hematoxylin and eosin (H&E) and studied using light microscopy. The stained specimens were examined for granulomatous lesions, intensity of infl ammatory infi ltrates and fungal hyphae.
Measurement of cytokine levels in the serum and lung cell cultures
Serum samples obtained from the retro-orbital venous plexus were stored at Ϫ 80 ° C until assayed. For the measurement of pulmonary cell cytokine production, 2 ϫ 10 5 lung cells/well were cultured for 72 h in 96-well tissue culture plates with heat-inactivated conidia of A. fumigatus
A. fumigatus conidia and animal infection
The A. fumigatus clinical isolate was obtained from the ' Dr Milan Jovanovic-Batut ' Institute of Public Health of Serbia. This strain and the culture conditions have been described previously [43] . Conidia were harvested by fl ooding the surface of agar slants with non-pyrogenic sterile physiological saline, washed twice, and enumerated on a hemacytometer. The number of conidia determined was consistent with the number of viable colony forming unit (CFU) counts found by serial dilution and plating of the suspension. The conidial suspension was immediately used to challenge the mice via intravenous delivery as detailed below. Heat-killed A. fumigatus conidia were used in vitro for stimulation of cell cultures.
The mouse model of invasive disseminated aspergillosis has been described in previous publications [4, 41, 43] . Briefl y, groups of na ï ve WT and MIF Ϫ/ Ϫ mice were inoculated intravenously (i.v.) with 10 6 conidia a dose at which ∼ 90% of all mice survive [41] . On days 1, 3 and 7 post infection (p.i.), groups of at least fi ve infected and fi ve uninfected mice of each strain were euthanized for organ collection by exposure to CO 2 . Fungal burdens in the lungs, liver, kidneys and brain were determined by a quantitative colony forming unit (CFU) assay exactly as noted in an earlier paper [4] .
Urine parameters
Specifi c gravity, protein, blood/hemoglobin, bilirubin, glucose and ketone content of urine was measured in samples collected from days 2 -7 p.i. using the semi quantitative Combur 10 Test ® M urine test strips (Roche Diagnostics GmbH, Germany).
Pulmonary cell isolation and activity assays
Lungs were aseptically excised and their wet masses determined. To correct for differences in body weight between animals, the relative lung mass was calculated according to the following formula, i.e., organ mass/body mass ϫ 100. One lobe of the lung was processed for fungal burden assessment and/or histopathology (described below). Lung cell suspensions were prepared by cutting the remaining lung tissue into small pieces and then digested with gentle mixing (magnetic stirrer) for 30 min at 37 ° C in culture medium supplemented with collagenase type 4 (1 mg/ml, Worthington Biochemical Corporation, Lakewood, USA) and deoxyribonuclease I (30 μ g/ml, Sigma, St Louis, MO, USA). The digested lung tissue was gently disrupted by subsequent passage through a 100-μ m pore size nylon cell strainer (BD Biosciences) to gain a single-cell solution. The cells were washed thoroughly and counted using a at a microbe to cell ratio of 2:1 (restimulated production) or with medium only (spontaneous production). Cytokine production in the lung cell culture supernatants and serum cytokine levels were determined using commercially available ELISA sets for mouse IFN-γ and IL-6 (eBioscience Inc., San Diego, CA, USA), IL-1 β and IL-17 (BD Pharmingen, San Diego, CA, USA) and IL-4 (R&D Systems, Minneapolis, USA) according to the manufacturers ' instructions. The results were calculated using standard curves made from known concentrations of the investigated recombinant cytokines. Each cytokine assay was performed in triplicate of 5 -6 data points (5 -6 animals from each group).
Statistics
All data are represented as scatterplots and the median was indicated. Statistical signifi cance was defi ned by the MannWhitney U-test. A P Ͻ 0.05 was considered to be significant. Correlations were examined by linear regression analysis. All calculations were performed using mathematical functions embedded in the statistical software package STATISTICA 7.0 (StatSoft Inc., Tulsa, Oklahoma, USA).
Results
To investigate the role of MIF in the response to aspergillosis in non-lymphoid target organs we infected nonimmunosuppressed mice with an intravenously delivered sublethal dose (10 6 ) of A. fumigatus conidia. The presence of conidia in homogenates of lungs, liver, kidneys and brain from all infected C57BL/6 mice, both WT controls as well as MIF Ϫ / Ϫ mice, revealed the disseminated character of the infection. A drop in CFU counts was evident at day 7 post infection (p.i.) in all organs tested, but MIFdefi cient animals had a signifi cantly higher mean number of CFU in lungs (at day 3 p.i.), liver (at days 1 and 3 p.i.), kidneys (at days 1 and 3 p.i.) and brain (at days 3 and 7 p.i.) as compared to their WT counterparts (Table 1) .
Histological analysis (Fig. 1) revealed signs of infl ammation in all tissues analyzed, but there were differences in the intensity and type of changes between the MIF Ϫ / Ϫ and WT mice. Thus, pronounced perivascular and peribronchial leukocyte infi ltration, interstitial widening with neutrophil and mononuclear cells accumulation was noted in lung tissue from infected WT animals sacrifi ced on day 7 p.i. (Fig. 1 MIF ϩ / ϩ Lungs). Dilated alveoli, desquamated bronchial epithelial cells and bronchus fi lled with mucus were seen in some infected WT mice. In contrast, discrete infl ammatory cell infi ltrates were observed in lung samples
The liver response to A. fumigatus in C57BL/6 mice was characterized by infi ltration of numerous mononuclear cells, occasionally with neutrophils ( Fig. 1 MIF ϩ / ϩ Liver), while rare mononuclears were noted in MIF-defi cient mice ( Light microscopic examination of C57BL/6 mice kidneys 7 days post-conidia injection revealed acute purulent mycotic pyelonephritis with fragmented hyphae (Fig. 1 MIF ϩ / ϩ Kidneys). However, the MIF Ϫ / Ϫ mice seemed Neutrophil infi ltration ranging from focal accumulation to groups of microabscesses was noted in the brains of both strains of mice with larger microabscesses in MIF Ϫ / Ϫ mice with high fungal burden (Fig. 1 Brain) . Some of the microabscesses in WT mice were associated with zones of necrosis, while large areas of parenchyma were affected in MIF Ϫ / Ϫ animals ( Fig. 1 MIF Ϫ / Ϫ Brain, insert) .
To obtain some information concerning possible functional changes in infected organs, selected parameters were monitored in urine (Table 2) . A decrease in specifi c gravity was noted in infected as compared to uninfected mice of both strains, but no differences between the infected strains were detected. Similar levels of proteins and erythrocytes/ hemoglobin were found in wild type and MIF-defi cient mice. However, MIF Ϫ / Ϫ mice showed pronounced increases of bilirubin, glucose and ketone levels upon infection when compared with WT mice, which pointed to compromised liver, renal and/or pancreatic functions. These changes appeared 2 -3 days following infection and remained to the end of the examined period.
The lung response was evaluated using basic parameters previously shown to be relevant for the antifungal response in this tissue [41] . This included changes in organ mass, leukocyte infi ltration and activity, as well as lung cytokine profi le. Compared to control uninfected mice, injection of A. fumigatus conidia to C57BL/6 mice resulted in a slight, but signifi cant increase in relative organ mass at days 3 and 7 p.i., whereas there was no change in lung size upon infection of MIF Ϫ / Ϫ mice ( Fig. 2A) . Fungal infection resulted in similar numbers of total cells recovered in both strains (Fig. 2B ), but with differences in cell proportion. While increases in neutrophils and a reduction in relative numbers of lymphocytes and monocyte/macrophages were noted in WT mice (Fig. 2C) , increases in the proportion of lymphocytes with a decrease in the monocyte/macrophage population was observed in the lungs of MIF Ϫ / Ϫ mice ( Fig. 2C -E) .
Although lung MPO activity in healthy MIF ϩ / ϩ and MIF Ϫ / Ϫ mice was very similar (Fig. 3A) , it was signifi cantly elevated in MIF ϩ / ϩ mice at both time points after infection, while enzyme activity in MIF-defi cient mice remained unchanged. This resulted in signifi cant strain differences at days 3 ( P Ͻ 0.05) and 7 p.i. ( P Ͻ 0.01) (Fig. 3A) . The activity of MPO in MIF ϩ / ϩ mice correlated with the number of neutrophils in the lungs ( r ϭ 0.7; P ϭ 0.0001; y ϭ 0.08 ϩ 0.01x), whereas no correlation between MPO activity and lung neutrophils was observed in MIF Ϫ / Ϫ mice ( r ϭ 0.3; P ϭ 0.278; y ϭ 0.13 ϩ 0.01x).
Pulmonary cell activity was further estimated by measuring spontaneous, as well as PMA-induced NBT-reduction capacity of the cells. Interestingly, both parameters of the respiratory burst were signifi cantly higher in naïve unimmunized MIF Ϫ / Ϫ mice in comparison to their WT counterparts (Fig. 3B, 3C ). However, infection-related activity was up-regulated at day 7 p.i. (spontaneous NBT reduction) and days 3 and 7 p.i. (PMA-stimulated NBT reduction) in WT mice solely, while in MIF Ϫ / Ϫ mice it remained unchanged, or even reduced (spontaneous NBT reduction at day 7 p.i.) following conidia administration.
To determine whether the lack of MIF alters the pattern of Th signature cytokines in the lungs, we analyzed the generation of representative Th1 (IFN-γ ), Th17 (IL-17) and Th2 (IL-4) cytokines by lung infi ltrating cells of the two mouse strains. No signifi cant strain differences were noted in baseline cytokine secretions into the lung cell supernatants of control uninfected MIF Ϫ / Ϫ and WT mice (Fig.  4A ). However, an increased level of spontaneously produced IFN-γ was found in response to A. fumigatus infection only in the supernatants of C57BL/6 mice, whereas lung cells from infected MIF Ϫ / Ϫ mice produced lower amounts of IFN-γ than na ï ve mice, and therefore significantly less than WT counterparts (Fig. 4A) . After in vitro stimulation with conidia of lung cells obtained from control animals, no changes in IFN-γ production were noted in either mouse strain (Fig. 4B versus Fig. 4A ). However, when the cells of infected mice were restimulated with conidia, IFN-γ secretion was up-regulated, but levels were lower in MIF Ϫ / Ϫ mice than their WT counterparts at both time points during infection (Fig. 4B) . Examination of spontaneous IL-17 production revealed no signifi cant changes during infection of lung cells of either mouse Table 2 Urine parameters of Aspergillus fumigatus-infected mice.
Controls
Infected Signifi cantly different at: *P Ͻ 0.05, **P Ͻ 0.01 and ***P Ͻ 0.001 vs. respective controls; # P Ͻ 0.05 and ## P Ͻ 0.01 vs. MIF ϩ / ϩ . strain (Fig. 4A) . When the cells of infected mice were restimulated with conidia there was no IL-17 production until day 7 p.i. (Fig. 4B) , when down-regulation in MIF Ϫ / Ϫ mice was noted in contrast to up-regulation of this cytokine in cells from MIF ϩ / ϩ mice (Fig. 4B) . Analysis of IL-4 content in lung cell conditioned medium revealed low levels (ranging from 5 -20 pg/ml) with no differences in either spontaneous or in vitro stimulated cytokine production throughout the period of examination in Aspergilluschallenged MIF-defi cient and MIF-suffi cient mice (data not shown). Given the differences between MIF ϩ / ϩ and MIF Ϫ / Ϫ mice in neutrophil infi ltration in the lungs, kidneys and liver, and in the light of our previous data which showed greater increases in peripheral blood neutrophil numbers in MIF-suffi cient animals [41], we examined whether there was a relationship between the relative numbers of neutrophils in peripheral blood and in lungs. Close correlation ( r ϭ 0.87, P Ͻ 0.001; y ϭ Ϫ 0.3885 ϩ 0.039x) was found in C57BL/6 mice in these two types of samples, but none ( r ϭ 0.34, P ϭ 0.17) in MIF-defi cient mice. Taking this fi nding into account and to gain insight into the cytokine milieu in the systemic microenvironment, we determine the levels of IL-1, IL-6 and IL-17, i.e., proinfl ammatory cytokines relevant for neutrophil production and recruitment. Serum levels of IL-1 β and IL-6 in control uninfected mouse strains were comparable. However, in response to infection, MIF Ϫ / Ϫ mice did not show any increase in IL-1 β concentration throughout the p.i. period examined (Fig. 5A) , whereas production of IL-6 was slightly up-regulated on day 3 p.i. (Fig. 5B) . In contrast, the cytokine content in sera of infected C57BL/6 mice revealed increased production of Cumulative data from three individual experiments with 5-6 mice/group per experiment for each time-point are presented as scatterplots and median is indicated. Signifi cance at P Ͻ 0.05 (*), P Ͻ 0.01 (**), and P Ͻ 0.001 (***) vs. non-infected controls of the respective strain, or P Ͻ 0.05 (#) and P Ͻ 0.01 (##) vs. MIF ϩ / ϩ mice (Mann-Whitney U-test).
mice. Although statistically signifi cant, the correlations between these parameters were lower in MIF Ϫ / Ϫ mice ( r ϭ 0.5, P ϭ 0.0235, y ϭ 1.34 ϩ 1.53x for IL-1 β and r ϭ 0.5, P ϭ 0.0323, y ϭ 11.1 ϩ 26.4x for IL-6).
Discussion
The present study has revealed for the fi rst time the response of peripheral tissues (lungs, kidneys, liver and brain) of mice to sublethal A. fumigatus infections in the absence of MIF, as well as an MIF-dependent relationship between infection and tissue pathology. The data show that MIF plays an important role in shaping the early protective immune response to systemic infection in several affected non-immune organs and corroborate our previous study [41] which primarily dealt with spleen host response to the pathogen.
Although a progressive decrease of the fungal burden was noted in organs of individuals of both mouse strains, MIF Ϫ / Ϫ mice seemed less effi cient at fungal clearance from visceral organs and from the brain than their WT counterparts at the beginning of infection, pointing out the importance of MIF in acute clearance of A. fumigatus . However, eradication in both strains of the pathogen at day 7 p.i. from lungs, as well as the recovery of similar numbers of CFU in liver and kidneys at this time point, suggests a less stringent need for MIF later in infection.
Differences between WT and MIF-defi cient mice in the histopathological picture of infected organs imply that the outcome of systemic infection depends on the presence of endogenous MIF. The presence of germinating conidia and hyphae in MIF Ϫ / Ϫ mouse kidneys (when similar levels of CFU were noted in both strains) suggests that these mice are more susceptible to infection than MIF-suffi cient mice. In addition, the number of Kupffer cells noted in liver specimens from MIF Ϫ / Ϫ mice was signifi cantly higher. Given their generally accepted inhibitory activity [49] , their increased numbers might contribute to immunosuppression in the liver of infected MIF Ϫ / Ϫ mice. Greater degree of brain tissue damage in MIF Ϫ / Ϫ mice might have resulted from higher numbers (in mice with high fungal burden) and/or activity of neutrophils in MIF Ϫ / Ϫ mice, what implies a regulatory role of MIF in this tissue.
The presence of hemoglobinuria following infection refl ected urinary tract injury, but without differences between strains. In contrast, increased urine bilirubin, glucosuria and ketonuria indicate liver, kidney and pancreas failure in A. fumigatus -challenged animals. The presence of fungi might account for the observed increase in urinary parameters in infected mice and a possible contribution from local (organ) infl ammation might be assumed as well. Higher values of these parameters in MIF Ϫ / Ϫ mice along with histological evidence of apoptotic cells and signs of IL-1 β (at day 3 p.i.) and . No changes were observed in circulating levels of IL-17 in either healthy or infected mice of both strains (not shown). When the relationship between circulating cytokine levels and the number of peripheral blood neutrophils was tested, positive correlations between neutrophil number and both IL-1 β ( r ϭ 0.6; P ϭ 0.0036; y ϭ 1.09 ϩ 3.03x) and IL-6 ( r ϭ 0.8; P ϭ 0.00007; y ϭ 5.3 ϩ 171.9x) were found in WT cholestasis point to more pronounced impairment of these organs upon infection in MIF-defi cient mice than those in WT mice. Together with fungal elimination data, these fi ndings indicate that outcome of systemic infection depends on the presence of endogenous MIF.
The current study showed that A. fumigatus infection of MIF-defi cient mice resulted in less pronounced tissue leukocyte accumulation. This is in line with data demonstrating a direct chemoattractant activity of MIF for leukocytes [50, 51] . Although no changes between control and infected mice in numbers of lung cells recovered by enzyme digestion were noted when calculated per g tissue, the rise of relative organ mass in infected WT mice suggested somewhat higher local infl ammatory activity in this mouse strain. Higher MPO content/activity as well higher NBT reducing capacity of cells recovered from lungs corroborate such an assumption. Lack of neutrophil infi ltration in lungs of infected MIF-defi cient mice confi rms recent data showing a role for MIF in neutrophillic lung recruitment in an animal model of pulmonary infl ammation [52] . The lack of change in circulating levels of IL-1 β and IL-6 suggests that cytokines involved in neutrophil production/release from bone marrow and their recruitment [53, 54] in MIF Ϫ / Ϫ mice might have accounted for the lower neutrophil accumulation in lungs of these mice following infection. Neutrophils contribute to host protection by promoting phagocytosis and activating oxidative mechanisms, as well as by stimulating production of immunoregulatory cytokines and chemokines [55] . Thus, lower clearance of conidia observed in MIF-defi cient animals might result from reduced neutrophil recruitment (and activity) into the affected organs, but from impaired activity as well. Indeed, intracellular MPO activity commonly used for evaluation of neutrophil oxidative activity [56] was reduced in MIF-defi cient mice. Moreover, the decreased capacity of cells recovered from lungs of these mice to reduce NBT salt points to less effi cient activation of phagocytes in vivo than in WT mice.
Beside neutrophils, several other phagocytic cell populations, primarily monocytes and monocyte-derived macrophages, contribute to optimal defense against invading pathogens [57 -59] . Lower numbers of monocytes/macrophages recovered from lungs of MIF Ϫ / Ϫ mice by enzyme digestion, might be responsible for the observed lower oxidative activity of lung cells of infected MIF Ϫ / Ϫ mice. Since MIF has been shown to enhance phagocytosis and H 2 O 2 production in macrophages [60] , it is conceivable that MIF participates in macrophage-mediated activity relevant for anti-fungal defense. Thus, both infi ltrated neutrophils and activated macrophages might have contributed to the observed impaired immune defense in the invaded tissue.
Host defense against A. fumigatus relies on Th1-type immune response, whereas Th17 cells promote Th1-type Fig. 4 The production of IL-17 and IFN-γ by lung-infi ltrating cells after i.v. inoculation of mice with 10 6 Aspergillus fumigatus conidia. Cells from lungs of infected MIF ϩ / ϩ and MIF Ϫ / Ϫ mice, and from uninfected (control) mice were isolated by enzyme digestion at the indicated time-points and cultured for 72 h (A) in medium only (spontaneous production), or (B) with heat-inactivated conidia of A. fumigatus (restimulated production). IL-17 and IFN-γ levels were measured in cell culture supernatants using ELISA. Cumulative data from three individual experiments with 5-6 mice/group per experiment for each time-point are presented as scatterplots and median is indicated. Signifi cance at P Ͻ 0.05 (*), P Ͻ 0.01 (**) and P Ͻ 0.001 (***) vs. non-infected controls of the respective strain, or P Ͻ 0.05 (#), P Ͻ 0.01 (##), and P Ͻ 0.001 (###) vs. MIF ϩ / ϩ mice (Mann-Whitney U-test).
responses and are present in the fungus-specifi c T cell memory repertoire [1] . Although uninfected WT and MIF Ϫ / Ϫ mice displayed similar levels of IFN-γ and IL-17 in cells recovered from the lungs by enzyme digestion, both proinfl ammatory cytokines are affected in MIFdefi cient mice upon infection (Fig. 4) . A decrease in spontaneous IFN-γ production, as well as conidia-restimulated IL-17 late in the infection in MIF Ϫ / Ϫ mice (compared to an increase in production of these cytokines in MIF ϩ / ϩ mice) clearly demonstrated the requirements for MIF for proinfl ammatory cytokine response in systemic infection with A. fumigatus . The main cell source of IFN-γ and IL-17 in mouse lungs in our study might be Th1 and Th17 lymphocyte infi ltration, as shown in immunocompetent DBA/2 mice infected intranasally with A. fumigatus conidia [5] . Thus, an increase in lymphocytes, important producers of IFN-γ and IL-17 in lungs of infected MIF Ϫ / Ϫ mice, suggests a tendency for replenishment of these cytokines during fungal infection in these mice. However, other subsets of T cells such as γ δ T and natural killer T (NKT) cells, as well as innate immune cells (mast cells, NK cells and neutrophils) have also been found to produce IFN-γ or IL-17 in response to innate stimuli and contribute to the fi rst line of defense against pathogens [61 -65] . Down-regulation of innate immunity-relevant activities of infi ltrated cells as well as lower production of acquired-immunity (IFN-γ and IL-17) cytokines by cells recovered from lungs might be responsible for the slower conidia elimination in MIF Ϫ / Ϫ mice.
In conclusion, while we have shown previously that increased susceptibility to lethal A. fumigatus infection in MIF-defi cient mice was associated with an enhanced mortality rate [41] , the presented data suggest that in sublethal infection, MIF defi ciency is associated with initially less effi cient conidial elimination. Differences in responses noted between two strains point to involvement of MIF in non-lymphoid tissues response. Different pattern of response (lower intensity of infl ammation in lungs in MIF Ϫ / Ϫ as compared to WT animals, liver and brain tissue damage and presence of kidney infection in MIF Ϫ / Ϫ mice) suggest differential engagement of MIF in these tissues. A. fumigatus conidia and sera were collected from infected mice or from uninfected (control) mice at the indicated time points. ELISA was used to determine serum concentrations of IL-1 β (A), and IL-6 (B). Cumulative data from three individual experiments with 5 -6 mice/group per experiment for each time-point are presented as scatterplots and median is indicated. Signifi cance at P Ͻ 0.05 ( * ) and P Ͻ 0.01 ( * * ) vs. non-infected controls of respective strain, or P Ͻ 0.05 (#) and P Ͻ 0.01 (##) vs. MIF ϩ / ϩ mice (Mann-Whitney U-test).
